Violacein is a naturally occurring anticancer therapeutic with deep purple color. 2 Yeast fermentation represents an alternative approach to efficiently manufacturing 3 violacein from inexpensive feedstocks. In this work, we optimized the extraction 4 protocol to improve violacein recovery ratio and purity from yeast culture, including 5 the variations of organic solvents, the choice of mechanical shear stress, incubation 6 time and the use of cell wall-degrading enzymes. We also established the quantitative 7 correlation between HPLC and microplate reader method. We demonstrated that both 8 HPLC and microplate reader are technically equivalent to measure violacein from 9 yeast culture. Furthermore, we optimized the yeast cultivation conditions, including 10 carbon/nitrogen ratio and pH conditions. Our results indicated that ethyl acetate is the 11 best extraction solvent with glass beads grinding the cell pellets, the maximum 12 violacein and deoxyviolacein production was 70.04 mg/L and 5.28 mg/L in shake 13 flasks, respectively. Violacein purity reaches 86.92% at C/N ratio of 60, with addition 14 of 10 g/L CaCO 3 to control the media pH. Taken together, the development of 15 efficient extraction protocol, quantitative correlation between HPLC and microplate 16 reader, and the optimization of culture conditions set a new stage for engineering 17 violacein production in Y. lipolytica. This information should be valuable for us to 18 build a renewable and scalable violacein production platform from the novel host 19 oleaginous yeast species. 20 21
Introduction 24 Violacein and deoxyviolacein belong to bisindol pigments with deep purple color, 25 which are derived from tryptophan biosynthetic pathway and naturally produced by a 26 number of marine bacteria such as Janthinobacterium lividum [1, 2] , 27 Chromobacterium violaceum [3] [4] [5] , Pseudoalteromonas luteoviolacea [6] , et al. 28 Clinical trials and biomedical studies indicate both compounds possess strong 29 antibacterial [7, 8] , anticancer [9] , antiviral [10] , trypanocidal [11] and antiprotozoal 30 [12] properties. These characteristics make violacein a superior chemical scaffold and 31 drug candidate for the development of clinically active agents. 32 Violacein biosynthetic pathway was first discovered by Pemberton et al. [13] in 33 1991 and was fully characterized by Balibar et al. [14] and Sanchez et al. [15] in 2006. 34 Branched from the L-tryptophan pathway, the violacein biosynthetic pathway 35 involves five steps, encoded by vioA, vioB, vioC, vioD and vioE [16] , which were 36 organized in an operon form containing all the five genes. Two molecules of 37 L-tryptophan are oxidatively condensed by vioA and vioB to form indole-3-pyruvic 38 acid (IPA). Then, IPA is decarboxylated to form protodeoxyviolaceinic acid via vioE. 39 Subsequently, protodeoxyviolaceinate is reduced to violacein by vioD and VioC. 40 Without involving the first reduction step of vioD, deoxyviolacein is formed as the 41 major byproduct [16] [17] [18] . 42 At present, most of the reported violacein-producing host are gram-negative 43 bacteria with human pathogenicity. For example, both C. violaceum [3] [4] [5] , and J. 44 lividum [1, 2] have been related with serious skin infection in immune-compromised 45 people, and both strain have been classified as biosafety level II bacteria. Although 46 the native host represents some advantage to produce violacein, the pathogenicity 47 significantly limited their industrial application. Yarrowia lipolytica has been 48 considered to be non-pathogenic and has been classified as 'generally regarded as safe' 49 (GRAS) by the US Food and Drug Administration (FDA). For example, Y. lipolytica 50 has been widely adopted as host for production of citric acid [19, 20] (pH 6.0, 6.5, 7.0, 7.5) contains 1.7 g/L yeast nitrogen base (without amino acids and 85 ammonium sulfate) (Difco), 1.1 g/L ammonium sulfate (Sigma-Aldrich), 0.69 g/L 86 CSM-Leu (Sunrise Science Products, Inc.), 30 g/L glucose, and was adjusted to pH 87 6.0, 6.5, 7.0, 7.5, respectively, through Na 2 HPO 4 and NaH 2 PO 4 . YNB medium with 88 CaCO 3 was made with YNB media supplemented with 10 g/L CaCO 3 . Selective YNB 89 plates were made with YNB media supplemented with 20 g/L Bacto agar (Difco We next built the violacein calibration curve with microplate reader. Absorbance 164 at 570 nm was recorded with sequentially diluted violacein standards. We found the 165 correlation coefficients (R 2 ) of plate reader method is about 0.9973 (Fig. 4) , which is 166 equivalent to HPLC method (Fig. 3) It should be emphasized that all the regression curves in Fig. 3, Fig. 4 All the cultivated colonies demonstrated cyanish color and the extractions 209 showed a deep purple color (Fig. 6) . After HPLC determination, the retention times 210 (10.6 min) of all the extractions were consistent with the violacein standard (Fig. 7) . 211 As shown in beads. Incubating cells with methanol is also a widely used extraction method [35] . 219 However, we found that the extraction efficiency with methanol was not high. By 220 varying the shear stress and incubation time, the most efficient methanol extraction 221 only yielded 11.43 mg/L violacein, with a purity of 79.44% ( Table 2) In order to select the yeast colony with highest yield, the laboratory-preserved Y. 245 lipolytica XP1 was streaked in CSM-Leu plate at 30 °C. Then, four dark single 246 colonies were tested for shake flask fermentation in CSM-Leu medium with C/N ratio 247 of 80 , and incubated at 30 °C for 144 h. As shown in Fig. 7 , although all the four 248 biologically replicative colonies were picked from the same plate, HPLC 249 quantification of violacein production varied significantly among these biologically 250 replicative colonies. Colony No. 2 showed the highest yield, reaching 32.75 mg/L of 251 violacein, which was 60% higher than that the colony No. 3 (Fig. 8) . This production 252 is consistent with the previously reported result (31.5 mg/L) quantified by microplate 253 reader [31] . The colony-to-colony variations of violacein production may be due to a 254 number of factors, including (1) plasmid copy number variations, (2) genetic 255 integration site variations, or (3) the non-homologous end-joining mechanism of Y. 256 lipolytica [36, 37] . Therefore, the colony No. 2 was preserved and selected for 257 subsequent optimization. 3.5 pH optimization in shake flask fermentation. 283 pH has played a major role in regulating cell physiology and metabolic activity. 284 Low pH has been routinely observed in Y. lipolytica culture due to the accumulation 285 of organic acids [39] . To evaluate the effects of pH on cell growth and violacein 286 production, the cultivation pH was adjusted by adding 10 g/L CaCO 3 , or by buffering 287 with NaH 2 PO 4 and Na 2 HPO 4 to pH 6.0, 6.5, 7.0, and 7.5, with initial unbuffered 288 media as control. As shown in Fig. 11 , media pH strongly influences cell growth (data 289 of samples adding 10 g/L CaCO 3 was not shown, due to insoluble CaCO 3 crystals 290 interfere with dry cell weight reading). Surprisingly, the yeast grew better under mild 291 acidic or alkaline conditions. For example, when the initial pH is 7.5 or 4.5, the cell 292 growth rate is the fastest, and the dry cell weight reaches 11.13 g/L and 9.54 g/L at 293 120 hours, respectively. However, when the media pH was maintained at 6.0, 6.5 and 294 7.0, the cell growth noticeably slowed down, and the dry cell weight was only 7.73, Despite the fact that cell growth was rapid under pH 7.5, violacein production 302 did not increase accordingly (Fig. 12 ). As the media pH was buffered from 6.0 to 7.0, 303 violacein production decreases gradually (Fig. 12) Y. lipolytica is considered to be a promising microbial workhorse for production 319 of high value-added products [39, 40] . In this study, we reported the development of 320 quantitative measurement of violacein, based on both HPLC and microplate reader. 321 We demonstrated that both methods are technically equivalent to detect violacein, 322 with the plate reader more suitable for high through-put screening. Due to the rigid 323 cell wall structure, we evaluated a number of extraction procedures to improve the 324 violacein recovery ratio and purity, including the variations of organic solvents, the 325 choice of mechanical shear stress, incubation time and the use of cell wall-degrading 326 enzymes. We found that the highest violacein extraction efficiency could be achieved 327 by adding equal volume of ethyl acetate and grinding with glass beads for 5 minutes. 328 Subsequently, we screened four violacein-producing colonies, optimized the C/N ratio 329 and pH conditions of the yeast fermentation. We found that highest violacein at70.04 330 mg/L with 86.92% purity could be achieved at a C/N ratio of 60 supplemented with 331 10 g/L CaCO 3 . This work is the highest violacein production reported in yeast 332 fermentation, and is also the first attempt to optimize the culture condition for 333 violacein production in Y. lipolytica. The results reported in this study may be used as 334 a reference for subsequent researches. 
